Morphine-induced analgesia and antinociceptive tolerance are known to be modulated by interaction between δ-opioid receptors (DORs) and μ-opioid receptors (MORs) in the pain pathway. However, evidence for expression of DORs in nociceptive small-diameter neurons in dorsal root ganglia (DRG) and for coexistence of DORs with MORs and neuropeptides has recently been challenged. We now report, using in situ hybridization, single-cell PCR, and immunostaining, that DORs are widely expressed not only in large DRG neurons but in small ones and coexist with MORs in peptidergic small DRG neurons, with protachykinin-dependent localization in large dense-core vesicles. Importantly, both DOR and MOR agonists reduce depolarization-induced Ca 2+ currents in single small DRG neurons and inhibit afferent C-fiber synaptic transmission in the dorsal spinal cord. Thus, coexistence of DORs and MORs in small DRG neurons is a basis for direct interaction of opioid receptors in modulation of nociceptive afferent transmission and opioid analgesia.
dorsal root ganglion | spinal cord | peptides | pain | tolerance T he opioid system is critical for inhibitory modulation of pain transmission. Opioid analgesics (e.g., morphine), which mainly target μ-opioid receptors (MORs), remain the most powerful analgesics available for pain relief. However, their chronic use may lead to the development of antinociceptive tolerance. Blockade of δ-opioid receptors (DORs) results in enhanced morphine analgesia and reduced tolerance (1, 2) , suggesting interaction between DORs and MORs in the pain pathway (3) (4) (5) (6) . This idea is further supported by findings that morphine tolerance can be reduced by preventing DOR phosphorylation (7) or by deleting exon 2 of the DOR1 gene (Oprd1) (8) or the preproenkephalin gene (Penk1) (9) .Therefore, a further understanding of the interaction between the MOR and DOR systems is essential in attempts to improve pain treatment by means of opioid mechanisms.
Small-diameter neurons in dorsal root ganglia (DRG) convey nociceptive signals to the spinal cord through afferent Aδ-and Cfibers terminating in laminae I-II. DOR1 mRNA has been found in many DRG neurons, including large ones, and at lower levels in both isolectin B4-negative (IB4 − , peptidergic) and IB4-positive (IB4 + ) subsets of small neurons (10) (11) (12) . In neurons of the painmodulating system, intracellular DORs are inserted into the plasma membrane following a variety of chemical and behavioral stimuli, including sustained pain conditions and chronic opioids (13) (14) (15) (16) (17) . In peptidergic small neurons, DOR immunostaining is often associated with large peptide-storing dense-core vesicles (LDCVs), enabling stimulus-induced membrane insertion of DORs (13, 15, 16, (18) (19) (20) . On the other hand, MORs are present on the cell surface of peptidergic small DRG neurons and the local neurons in spinal lamina II (21, 22) . A few immunohistochemical studies suggest that DORs and MORs are coexpressed in some DRG neurons (23, 24) . This distribution of opioid receptors is consistent with DOR-and MOR-mediated inhibition of Ca 2+ currents in small DRG neurons (15, 25, 26) . However, a recent study in the mouse expressing DOR1 with enhanced green fluorescent protein inserted at the C-terminus (DOR1-EGFP) (27) shows that only ∼17% DRG neurons express DOR1-EGFP predominantly in large neurons but not in MOR-or neuropeptideexpressing small DRG neurons (28) , suggesting a distinct dissociation of DORs and MORs in primary sensory afferents and pain modulation.
Autoradiographic studies in the spinal cord have shown that the binding sites for DOR (10, 29) and MOR (29) (30) (31) agonists are mainly present in laminae I-II. Similarly, both DOR-and MORimmunoreactive (ir) afferents are mostly distributed in spinal laminae I-II (18, 21, 32) . The presence of DORs on nociceptive afferents is supported by findings that the release of the excitatory neurotransmitters glutamate, substance P (SP), and calcitonin gene-related peptide (CGRP) from afferent C-and Aδ-fibers can be inhibited by activating DORs (33, 34) . DOR-mediated spinal analgesia is attenuated by the intrathecally applied antisense oligodeoxynucleotide of Oprd1 (35) and the deletion of Oprd1 (8) or Penk1 (9). However, this classic view of the presynaptic inhibitory mechanism of DORs has also been challenged by the above-mentioned study, which reported the absence of DOR1-EGFP in peptidergic afferents (28) . Moreover, that study also proposes that mechanoreceptive afferent Aβ-fibers from DOR1-EGFP-expressing large neurons project into lamina II of the spinal cord and are involved in the inhibition of mechanical pain, whereas MORs in peptidergic afferents mediate inhibition of heat pain (28) . Because this unique concept of separation of DOR and MOR systems and its functional consequences have important implications for the understanding of opioid analgesia, we undertook further studies to determine whether or not DORs are absent in MOR-and neuropeptide-expressing small DRG neurons. Our results provide evidence for coexistence of DORs and MORs in peptidergic small DRG neurons and their contribution to the presynaptic inhibition of nociceptive afferent transmission.
Results
To evaluate the expression of DORs and MORs in subsets of DRG neurons, we collected 30 neurons of each subset from adult mice under a fluorescence microscope and performed RT-PCR to determine the presence of DOR and MOR mRNAs in IB4 − or IB4 + small neurons (10-20 μm in diameter) and large neurons (35-50 μm in diameter) (Fig. 1A) . DOR1 mRNA was found in all three subsets of DRG neurons (Fig. 1A) , with the average level of DOR1 mRNA in IB4 − small neurons being lower than in the other two subsets. Importantly, preprotachykinin (PPT)-A, a marker of peptidergic small neurons, was observed in IB4 − neurons but not in the other two subsets. Interestingly, varying levels of MOR mRNA were also found in subsets of DRG neurons (Fig. 1A) , with the highest level in IB4 − small neurons. Thus, this supports coexpression of DOR and MOR in peptidergic small DRG neurons.
Furthermore, in situ hybridization showed that DOR1 mRNA was present in 71% of small neuron profiles (NPs, <800 μm 2 ) and in 83% of large NPs in mouse DRGs (Fig. 1B) . A similar expression pattern was found in the rat DRG (Fig. S1A) . Immunostaining showed that the size distribution of MOR-ir cells partly overlapped with that of DOR-ir neurons (Fig. 1B) . MOR antibodies recognized exogenous MORs, and the immunostaining in tissues could be abolished by antibody preabsorption (Fig. 1B and Fig. S1B ). Importantly, in situ hybridization combined with immunostaining showed that a large fraction (73% in mice and 82% in rats) of MOR-ir small neurons contained DOR1 mRNA ( Fig. 1C and Fig. S1C ). About one-third of DOR1-expressing neurons were also CGRP-ir ( Fig. 2A ) or SP-ir (Fig. 2B) .
Coexpression of DORs and MORs was further confirmed by performing single-cell PCR (36) in small neurons freshly dissociated from the mouse DRGs. Among 35 small DRG neurons containing PPT-A mRNA, 23 expressed DOR1 mRNA ( Fig. 2C ) and 19 coexpressed DOR1 and MOR mRNAs ( Fig. 2C and Fig.  S1D ). Moreover, DOR1 was also expressed in 13 of 19 small DRG neurons that did not contain PPT-A mRNA, and some of them also contained MORs (Fig. S1D) . Sequencing of the PCR products from randomly selected small neurons (n = 4) proved that they were indeed DOR1 and MOR mRNA, respectively. Taken together, DORs and MORs are coexpressed in a considerable fraction of peptidergic small DRG neurons.
We next used two commercially available antibodies against DOR1 3-17 that recognized Myc-DOR1 expressed in HEK293 cells ( Fig. S2A ) to study the localization of DOR1. About 16% of mouse DRG neurons and their afferent fibers in laminae I-II of the spinal cord were immunostained for DORs ( Fig. 3 A-D and Fig. S2B ). The staining pattern was abolished in Oprd1 exon 1-deleted mice, which contain a truncated DOR1 mRNA (311-1,119 bp) and protein ( Fig. S2 C-F), as well as after antiserum preabsorption with immunogenic peptide (10 −6 M) when the antibodies were used at a dilution of 1:30,000-60,000 ( Fig. 3 A-D) but was only partially reduced at a low dilution (e.g., 1:2,000). Therefore, the antiserum primarily recognizes DOR1, although an excessive amount of antiserum might generate nonspecific binding. Using the antibodies above at a dilution of 1:30,000, we found that DORs were present in peptidergic and vanilloid receptor type 1-ir small neurons ( Interestingly, we found the presence of DORs on the cell surface in ∼14% of DRG neurons when we tested another antibody, now against DOR1 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (1:60,000-120,000; Alomone) that also recognized Myc-DOR1 expressed in HEK293 cells ( Fig. 3 H and I and Fig. S2A ). About 97% of these neurons were large ones (cross-sectional area >800 μm 2 , n = 224), and most of them expressed neurofilament 200 ( Fig. 3I and Fig. S3 A and B) . This immunostaining pattern of DORs was abolished by preabsorption and was absent in the Oprd1 exon 1-deleted mouse (Fig. 3H) . We did not found any convincing immunostaining of afferent fibers in the dorsal spinal cord with this antiserum. Thus, immunostaining reveals two distinct distribution patterns of endogenous DORs in DRG neurons, namely, in LDCVs, in peptidergic small neurons, and on the cell surface in large neurons.
The subcellular localization of DORs was further evaluated by transfecting Myc-DOR1 into DRG neurons. Immunostaining with antibodies against Myc showed that the Myc-DOR1 was mainly associated with CGRP-and SP-containing vesicles in peptidergic small DRG neurons (Fig. 4 A-E), consistent with the distribution pattern of endogenous DORs. The Myc-DOR1 was further found to be localized on the cell surface but absent in CGRP-ir vesicles in small DRG neurons cultured from PPT-A gene-deleted (Tac1 −/− ) mice (37) (Fig. 4 A-D) . A similar immunostaining pattern was also shown by DOR antibodies (Fig. S3C) . These results support the notion that protachykinin is required for sorting DORs into LDCVs (19) , indicating that the protachykinin-dependent LDCV localization represents a specific distribution pattern of DORs in peptidergic small DRG neurons.
In Myc-DOR1-expressing large DRG neurons, the Myc-DOR1 was localized on the surface of cell bodies and neurites (Fig. 4 F  and G) . Additionally, we found that DOR1 tagged with EGFP appeared on the cell surface of both small and large DRG neurons (Fig. S3D) , suggesting that the localization of DOR1-EGFP is a consequence of constitutive delivery of DORs. Immunostaining with DOR antibodies showed both vesicle-associated endogenous DORs and cell surface-localized DOR1-EGFP in small DRG neurons (Fig. S3E) . These results indicate that DOR1-EGFP distribution is distinct from endogenous DORs. Furthermore, the protachykinin-dependent LDCV localization of DORs in small neurons enabled efficient transport of DORs into neurites. In contrast, in large neurons, the levels of surface DORs gradually decreased from cell bodies to neurite endings (Fig. 4 H-J) . Therefore, the protachykinin-dependent LDCV localization is a key mechanism for regulating centrifugal transport and the intracellular pool of DORs in afferent terminals.
Immunostaining showed coexistence of DORs and MORs in small DRG neurons of mice and in their afferent terminals in laminae I-II of the spinal cord (Fig. 5 A and B) . (Fig. 5C) . Recording of the synaptic transmission between the C-fiber terminal and the secondorder neuron was carried out in lamina II, a translucent easily identified band in the superficial dorsal horn of spinal cord (38) . We measured the miniature excitatory postsynaptic currents (mEPSCs) in the presence of tetrodotoxin (0.5 μM) and found that SNC80 and DAMGO reduced the frequency but not the amplitude of mEPSCs (Fig. 5D ), suggesting presynaptic suppression of glutamate release by activating, respectively, DORs and MORs. Furthermore, C-fibers with a threshold of 0.12-0.25 mA (duration of 0.1 ms) were identified with six pulses of electrical stimulation of the dorsal root. The C-fiber stimulation-evoked EPSC could be inhibited by sequentially applied SNC80 and DAMGO in 62% (5 of 8) of recorded neurons (Fig. 5E) . Thus, both DORs and MORs in the C-fiber terminal mediate presynaptic inhibition of excitatory synaptic transmission.
We then inquired whether coexpressed DORs and MORs could regulate neuronal excitation by examining the agonistinduced effect on depolarization-induced Ca 2+ currents in small neurons freshly dissociated from DRGs of mice and rats (25) . Whole-cell recording showed that both SNC80 and Delt II inhibited Ca 2+ currents in small (IB4 − ) DRG neurons ( Fig. 5F  and Fig. S4 A and B) . The DOR agonist-induced effect could be blocked by the DOR antagonist naltrindole (Fig. 5G and Fig.  S4C ). The number of IB4 − small neurons responding to DAMGO stimulation was generally greater than that the number responding to DOR agonists ( Fig. 5F and Fig. S4B) , consistent with the result of in situ hybridization showing a greater number of small DRG neurons expressing MORs than DORs and a previous report of the effect of DAMGO on Ca 2+ currents in small DRG neurons (26) . Moreover, the inhibitory effect of DOR agonists could be enhanced by 10-Hz electrical stimulation, which induced membrane depolarization and cell surface expression of intracellular DORs (Fig. S4D) . Importantly, we found that Ca 2+ currents in a single small neuron could be inhibited by a DOR agonist (SNC80 or Delt II) as well as by the MOR agonist DAMGO (Fig. 5F and Fig. S4B ). These results suggest that coexpressed DORs and MORs in small DRG neurons mediate inhibitory effects on voltage-gated Ca 2+ channels.
Discussion
The present study provides evidence for the coexistence of DORs and MORs in peptidergic nociceptors. First, RT-PCR shows the expression of DORs in both IB4 − and IB4 + subsets of small DRG neurons as well as in large DRG neurons. Second, single-cell PCR directly exhibits the presence of DORs in a considerable population of PPT-A-expressing small DRG neurons, and most of them also contain MORs. Third, both in situ hybridization and immunostaining illustrate colocalization of DORs, MORs, and neuropeptides in small DRG neurons. Finally, electrophysiolog- To evaluate the subcellular localization, various tags can be fused at either the N or C terminus of receptors. In PC12 cells, the exogenously expressed DOR1-EGFP is distributed on the cell surface, whereas HA-or Myc-DOR1 is associated with LDCVs (39). We found here that the pattern of subcellular distribution of Myc-DOR1 in DRG neurons is similar to the endogenous distribution pattern shown with DOR antibodies. However, DOR1-EGFP appears on the cell surface of peptidergic small DRG neurons, suggesting that GFP might interfere with recognition of sorting signals for the LDCV localization. This is not the only example, because the subcellular localization of GFP-tagged granulysins is distinct from native granulysins (40) . The difference between the EGFP molecule and the small Myc tag may be attributable to the large size and rigidity of EGFP more easily generating steric hindrance or causing artificial interactions with endogenous proteins. In fact, the absence of DOR1-EGFP in small DRG neurons of knockin mice (28) might be attributable to reduced expression or degradation of the fusion protein in these neurons. Thus, Myc and HA seem to be better tags than GFP for the study of receptor trafficking.
The present study shows two distinct subcellular localizations of DORs: in LDCVs in peptidergic small DRG neurons and on the cell surface in large DRG neurons. These patterns are shown by immunostaining of both exogenously expressed Myc-DOR1 and endogenous DORs using antibodies against DOR1 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or DOR1 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Thus, these antibodies against different N-terminal regions of DOR1 might recognize DORs in different states of activation, conformation, glycosylation, and/or palmitoylation (41) (42) (43) (44) . Moreover, the translocation of exogenously expressed Myc-DOR1 from LDCVs to the cell surface in peptidergic small DRG neurons of Tac1 −/− mice supports an essential role of the DOR/protachykinin interaction in sorting DORs into LDCVs (19) . Our results suggest that the receptor trafficking can be neuron-specifically regulated, enabling differential modulation of the sensitivity to opioids in somatic sensory pathways.
The LDCV localization of DORs in small neurons contributes to the dense distribution of DORs found in afferents in spinal laminae I-II (19) . In view of the presence of DORs also in large neurons (refs. 27, 28 ; the present study; and other studies), this receptor would be expected to localize also in nerve terminal in deeper layers. However, neither receptor radiography nor immunostaining shows a correspondingly extensive distribution of DORs in Aβ-fibers in spinal laminae III-V. The present finding of a gradual reduction in Myc-DOR1 labeling intensity from cell bodies to neurite endings of large neurons may result in low levels of DORs in afferent Aβ-fibers undetectable with immunostaining. The strong expression of DORs on the surface of cell bodies of large DRG neurons suggests that somatic DORs primarily mediate effects of circulating DOR agonists on mechanoreceptive sensation.
Our electrophysiological analyses show that both DOR and MOR agonists induce inhibitory effects on depolarization-induced Ca 2+ currents in the same IB4 − small DRG neuron, indicating that coexpressed DORs and MORs function through reducing Ca 2+ influx. Moreover, DORs and MORs were found to be transported to afferent fibers in laminae I-II of the spinal cord and to mediate presynaptic inhibition of glutamate release. This is consistent with early reports of DOR-and MOR-mediated analgesic effects on thermal nociceptive responses (45, 46) . Interaction between DORs and MORs has been considered to be an important mechanism for modulating opioid analgesia. Gomes et al. (6) reported that DORs interact with MORs in membranes purified from the spinal cord, negatively regulating MOR activity. Moreover, antinociceptive tolerance to morphine can be reduced by pharmacological blockade (1, 2) or genetic interruption of the DOR system (8, 9, 19) . Therefore, further study of the mechanism underlying DORmediated regulation of MOR activity could clarify the role of DORs in the modulation of morphine-induced antinociception and tolerance and may help to improve opioid analgesia. 
Methods
Cell Preparation and RT-PCR. Neurons were dissociated from DRGs of adult male mice or rats (13) . Neurons were treated with fluorescein-labeled griffonia simplicifolia lectin I-isolectin B4 (GSL I-IB4) (1:500; Vector Lab) for 10 min at room temperature and divided into three groups: IB4 − and IB4 + small neurons and large ones. The RNA was reverse-transcribed. The resulting cDNA was used as templates for RT-PCR using specific primers (Table S1 ).
For single-cell PCR (36) , neurons were dissociated from mouse DRGs and diluted with medium containing 10% (vol/vol) FBS in DMEM (Invitrogen). Single neurons were aspirated by a Quixell Automated Cell Selection and Transfer System (Stoelting) and processed for RT-PCR with the HotStarTaq DNA polymerase (Qiagen) and primers (Table S1 ) within 3 h. The PCR products of receptors were sequenced.
The RNA from the spinal cord of WT mice or Oprd1 exon 1-deleted mice (Jackson Lab) was reverse-transcribed, and the full-length and partial DNA of Oprd1 were amplified.
Gene Transfection. HEK293 cells were transfected with plasmid pCMV-Myc-DOR1 or pCMV-HA-MOR or pcDNA3-MOR-Flag or pCMV vector (19) . Dissociated DRG neurons were transfected with pCMV-Myc-DOR1 by electroporation (SI Text).
In Situ Hybridization. Antisense probes were amplified with PCR primers for mouse DOR1 (NM013622) ( Table S1 ). Probes were labeled with digoxigenin. Sections of L4 and L5 DRGs of adult mice and rats were treated with 10 μg/mL proteinase K for 30 min and then hybridized with probes for 18 h at 67°C. The hybridization signal was detected with alkaline phosphatase-coupled antibody against digoxigenin (1:2,000; Roche) and nitroblue tetrazolium / 5-bromo-4-chloro-3-indolyl phosphate as color reaction substrates. Some sections were also immunostained with rabbit (Rb) anti-MOR (1:1,000; Neuromics), Rb anti-SP (1:1,000; DiaSorin), or Rb anti-CGRP (1:1,000; DiaSorin) antibody.
Immunostaining. Adult rats, mice, and Oprd1 exon 1-deleted mice were fixed. Cryostat sections of L4 and L5 DRGs and spinal cord segments were processed for immunofluorescence staining (13) Immunoblotting. The samples were processed for SDS/PAGE, transferred, probed with Rb antibodies against MOR (1:500; Neuromics), phospho-DOR1 (1:1,000; Neuromics), phospho-MOR (1:1,000; Neuromics), Myc (1:500; DSHB), Flag (1:1,000; Sigma), or actin (1:50,000; Chemicon) and visualized with enhanced chemiluminescence (19) .
Whole-Cell Patch-Clamp Recording. Whole-cell recordings were made within 10 h after dissociation of DRG neurons. Barium currents flowing through Ca 2+ channels were recorded with the whole-cell configuration of the patchclamp technique (25) (SI Text). Neurons freshly dissociated from DRGs of mice were first stimulated by repetitive electrical current (0.5-ms width, 8-10 V) at 10 Hz for 1 min with platinum wires contacting the culture medium. IB4
− small neurons were then used to examine the effect of SNC80 on Ca 2+ currents.
Statistical Analysis. All data are shown as mean ± SEM. Statistical analysis was performed using PRISM (GraphPad Software). Paired data were evaluated by Student's t test, and the difference was considered significant at P < 0.05. Immunoblotting of extracts from HEK293 cells transfected with plasmids expressing Myc-DOR1 or MOR-Flag shows that DORs are phosphorylated by SNC80 (10 μM) and Delt II (10 μM) but by neither DAMGO (1 μM) nor morphine (1 μM), whereas MOR phosphorylation is induced only by DAMGO and morphine. Con, control. (D) Whole-cell recording in lamina II of the spinal cord slice of rats shows that sequential application of SNC80 (10 μM) and DAMGO (1 μM) reduces the frequency but not the amplitude of mEPSCs (n = 4). *P < 0.05. (E) Whole-cell recording of the synaptic transmission between a C-fiber and a lamina II neuron of the rat spinal cord slice shows that the C-fiber stimulation-evoked EPSC is inhibited by sequentially applied SNC80 (10 μM) and DAMGO (1 μM) (n = 5). (F) Whole-cell recording in IB4
− small DRG neurons of mice shows that the Ca 2+ current in a single neuron is inhibited by both SNC80 (10 μM) or Delt II (10 μM) and DAMGO (1 μM). (G) DOR agonist-induced effect is blocked by naltrindole (n = 5), whereas the DAMGO-induced effect is attenuated by naltrexone (n = 5).
